Bioorganic Chemistry 150 (2024) 107554

Contents lists available at ScienceDirect

BIO-ORGANIC
CHEMISTRY

Bioorganic Chemistry

FI. SEVIER

journal homepage: www.elsevier.com/locate/bioorg

L)

Check for

Amphiphilic coumarin-based probes for live-cell STED nanoscopy of o
plasma membrane

Hana Kokot ?, Bostjan Kokot “, Anja Pislar°, Hana Esih ”, Alen Gabri¢ ", Dunja Urbanéic ™,
Rojbin EI°, Iztok Urbanéic >, Stane Pajk ™
@ Jozef Stefan Institute, Jamova cesta 39, SI-1000 Ljubljana, Slovenia

Y University of Ljubljana, Faculty of Pharmacy, SI-1000 Ljubljana, Slovenia
¢ Weatherall Institute of Molecular Medicine, University of Oxford, 0X3 9DS Oxford, United Kingdom

ARTICLE INFO ABSTRACT

Keywords: Plasma membranes are vital biological structures, serving as protective barriers and participating in various
Membrane probe cellular processes. In the field of super-resolution optical microscopy, stimulated emission depletion (STED)
Fluorescence nanoscopy has emerged as a powerful method for investigating plasma membrane-related phenomena. However,
i:vil?phomn excitation many applications of STED microscopy are critically restricted by the limited availability of suitable fluorescent
Photostability probes. This paper reports on the development of two amphiphilic membrane probes, SHE-2H and SHE-2N,

specially designed for STED nanoscopy. SHE-2N, in particular, demonstrates quick and stable plasma membrane
labelling with negligible intracellular redistribution. Both probes exhibit outstanding photostability and reso-
lution improvement in STED nanoscopy, and are also suited for two-photon excitation microscopy. Furthermore,
microscopy experiments and cytotoxicity tests revealed no noticeable cytotoxicity of probe SHE-2N at concen-
tration used for fluorescence imaging. Spectral analysis and fluorescence lifetime measurements conducted on
probe SHE-2N using giant unilamellar vesicles, revealed that emission spectra and fluorescence lifetimes
exhibited minimal sensitivity to lipid composition variations. These novel probes significantly augment the
arsenal of tools available for high-resolution plasma membrane research, enabling a more profound exploration
of cellular processes and dynamics.

1. Introduction

Plasma membranes (PM) are intricate assemblies of lipids and pro-
teins that act as a barrier between cells and their surroundings. Beyond
their essential role as a protective barrier, these dynamic structures play
a crucial part in numerous biological processes, including signalling,
muscle contraction, cellular uptake, and cell migration, among others.
Many of these processes involve significant changes in the membrane’s
morphology, which thus provides valuable information about a plethora
of molecular and biochemical processes in cells and tissues, beyond cell
division and cell death[1,2]. Consequently, visualizing the PM is of
paramount importance, even when it is not the primary focus of
research.

Fluorescence microscopy stands out as a cornerstone technique in
the realm of PM research. Furthermore, the scientific landscape in this
domain has witnessed a profound transformation in the recent decades,
driven by the rapid development of super-resolution techniques, which
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have ushered in an era of nanoscale investigations[3,4]. Among these
techniques, stimulated emission depletion (STED) nanoscopy stands out
as the fastest and is particularly well-suited for live-cell research[5,6].
Another advanced fluorescence microscopy technique — two-photon
excitation (2PE) microscopy — exploits longer excitation wavelengths
and threshold-limited absorption to reduce photodamage, improve op-
tical sectioning, and limit the effect of absorption and scattering in
biological tissues[7]. Due to this, it enables imaging deeper in the
sample, complementing information obtained by super-resolution mi-
croscopy, and is thus commonly used for imaging thick, strongly scat-
tering samples, such as biological tissues ex vivo, as well as in vivo[8,9].
However, the effectiveness of such methods, similarly to other fluores-
cent imaging techniques, heavily relies on the performance of fluores-
cent probes. Several constraints limit the selection of suitable probes
[10,11]. Firstly, the excitation and emission spectra of the probes must
match the available excitation and detection options of the imaging
system, as well as the spectra of other probes in the system. Furthermore,
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the probes must exhibit high brightness and photostability. Addition-
ally, for STED microscopy, the emission spectrum of the probe must
match the wavelength of the STED laser[12], and for 2PE, the probe’s
molecular structure, which determines its two-photon cross-section,
governs the suitability of a probe[13]. Moreover, for compatibility with
live-cell 2PE- and STED nanoscopy, PM probes must be non-toxic and
have to exclusively label the PM with little to no distribution to the inner
membranes or organelles[14].

Various methods have been employed for the fluorescent labelling of
PM. One approach involves the use of fluorescently labelled lectins, such
as wheat germ agglutinin, which offers stable PM labelling without any
dispersion into intracellular organelles[15]. However, the success of this
labelling method is contingent upon the cell type and the specific oli-
gosaccharides present on the outer leaflet of the PM. Furthermore, it is
worth noting that the labelled proteins are considerably larger in size
compared to molecular probes — 50 kDa compared to 1 kDa — which can
restrict the achievable resolution when utilizing super-resolution tech-
niques[15]. Another promising, but so far rarely applied avenue in PM
labelling is the application of conjugated polymers, which can provide
stable labelling[16]. In contrast, molecular probes continue to dominate
as the primary choice for PM labelling in live-cell STED nanoscopy due
to their high brightness and photostability, versatility, and small size
[11]. However, a significant issue with molecular probes is their lack of
specificity, often leading to their redistribution from the PM to other
cellular membranes of internal organelles[17]. In general, small mo-
lecular probes that offer stable PM labelling typically consist of a lipo-
philic part embedded in the lipid bilayer and a charged polar head. Short
polyethylene glycol linkers or small hydrophilic dendrimers have also
been successfully utilized[17,18]. Recently, probes based on a “click-
able” zwitterionic anchor and cyanine or squaraine dyes have shown
promising results for stable PM staining[19,20]. The advantage of this
design strategy is its easy applicability to other types of fluorophores.

In our recent study, we investigated the compatibility of several
membrane probes with live-cell STED nanoscopy[21]. Among the
probes, the coumarin-based probe MePyr500 emerged as the most
effective, exhibiting high brightness and photostability, noticeable res-
olution improvement in STED microscopy, and minimal toxicity to cells.
However, MePyr500 exhibited rapid redistribution from the PM to
intracellular membranes. In this article, we present the results of the
second development phase of the MePyr500 probe. Since the probe’s
solubility was not an issue, we extended the aliphatic chains and
crucially added additional charge to the polar headgroup to produce two
new probes: SHE-2H with a zwitterionic configuration and SHE-2N with
a double positive charge at the polar headgroup (Fig. 1). Both probes
enable live-cell STED nanoscopy and 2PE microscopy, and SHE-2N very
slowly redistributes to intracellular membranes and organelles.

2. Results and discussion
2.1. Synthesis

The synthetic pathway to probes SHE-2H and SHE-2N is presented in
Scheme 1. Briefly, synthesis begins by reacting 3-methoxyaniline with
undecan-2-one in the presence of InCls to give compound 1. In the
subsequent step, nitrogen of 1,2-dihydroquinoline moiety of compound
1 is methylated to yield compound 2. The methoxy ether group of
compound 2 is then cleaved using BBrs, resulting in the formation of
phenol 3. A formyl group is introduced at position 2 of phenol 3 through
a Vilsmeier-Haack reaction, leading to the production of salicylic alde-
hyde 4. Subsequently, salicylic aldehyde 4 undergoes Knoevenagel
condensation with methyl 2-(pyridin-4-yl)acetate, resulting in the for-
mation of coumarin 5. To create the probe SHE-2H, the pyridine moiety
of compound 5 is alkylated using 1,3-propane sultone. Alternatively,
compound 6 is synthesized by alkylating the pyridine group of com-
pound 5 with 1,3-dibromopropane. Finally, the probe SHE-2N is formed
by reacting compound 6 with trimethylamine.
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Fig. 1. Structure of probes MePyr500, SHE-2H and SHE-2N.

2.2. Uv-vis absorption and emission spectra

The absorption and emission spectra of SHE-2N exhibit a slight red-
shift compared to SHE-2H and MePyr500, despite all compounds
sharing the same fluorophore core, as illustrated in Fig. 2. This variation
in spectral characteristics is likely attributable to differences in the polar
headgroup and counterions associated with each compound. Absorption
and emission spectra were also recorded in PBS buffer containing 0.02%
polysorbate 80, a non-ionic surfactant (see Supplementary Data,
Figure S1). Assuming that the bromide or iodide counterions exchanged
with anions from the PBS buffer, the similarity of spectral maxima in
both solvents indicates that the red-shift of SHE-2N is the consequence
of the headgroup.

There was also a noticeable difference in the relative quantum yields
in ethanol solution, which were 0.36 for SHE-2H and 0.07 for SHE-2N.
The lower quantum yield observed for SHE-2N may be attributed to the
quenching effect of bromide counterions[22]. It is likely that the actual
quantum yield for SHE-2N closely resembles that of SHE-2H. This hy-
pothesis is supported by the comparison of spectra for all three probes
recorded in ethanol and in PBS buffer containing 0.02% polysorbate 80
(see Supplementary Data, Figures S2, S3, and S4). The SHE-2H probe
exhibited practically the same intensity in both media, whereas SHE-2N
and MePyr500 produced much stronger emission in PBS buffer con-
taining 0.02% polysorbate 80 compared to ethanol solution, with the
effect being more pronounced for SHE-2N. Both probes, SHE-2N and
MePyr500, have counterions (bromide and iodide) known to quench
fluorescence. However, during microscopy, this should not be a problem
since counterions can exchange with anions present in the cell medium.

2.3. Cell labelling and probe distribution

To test the suitability of the newly synthesized probes for live-cell
microscopy, we incubated them with LA-4 cells and first monitored
the labelling efficiency and distribution into the inner cellular struc-
tures. During the incubation, cells were constantly being monitored both
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Scheme 1. Reagents and conditions: (i) 2-undecanone, InCls, 60 °C, 62%; (ii) Mel, K2CO3, DMF 110 °C, 58%; (iii) BBr3, DCM, —80 °C, 46%; (iv) POCl3, DMF, 75 °C,
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Fig. 2. Normalized absorption (solid line) and fluorescence emission (dashed line) spectra of probes SHE-2H (blue), SHE-2N (red) and MePyr500 (green). Ab-
sorption spectra were recorded with 10" M solution in ethanol and fluorescence emission spectra were recorded with 10°® M solutions in ethanol (Aex = 465 nm). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in terms of fluorescence signal from the membrane, as well as for
possible morphology changes, which would indicate cytotoxicity of the
tested probes.

Fluorescence microscopy of the probes revealed that the speed and
distribution of cell labelling was remarkably different for all three
probes (Fig. 3, top row). The quickest and most effective labelling was
observed with SHE-2N, which labelled the cell membrane at a 10 pM
concentration already in a few minutes. This probe was also the slowest

to internalise into the cell. The original probe MePyr500 was slower to
label the cells, achieving a significant fluorescence signal on the cell
membrane after 30 min at a 10 pM concentration, and labelled the in-
ternal cellular structures as well. According to all measured parameters,
SHE-2H showed limited labelling efficiency: the probe did not label cells
at a 10 pM concentration and labelled both the PM and the cell interior
at higher concentration (50 pM, 30 min). The noticeable disparity in
labelling effectiveness among the probes may be partially attributed to
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Fig. 3. Comparison of the resolution improvement of STED microscopy over confocal microscopy in living LA-4 cells, labelled with (A) MePyr500 (10 pM, 60 min
incubation), (B) SHE-2H (50 pM, 30 min incubation), and (C) SHE-2N (10 uM, 20 min incubation). The imaged area and pixel sizes are the same in all images; gating
and laser powers were tuned to optimise the resolution improvement in STED images.

the significantly higher solubility of SHE-2N compared to SHE-2H and
MePyr500. The solubility of MePyr500, SHE-2H, and SHE-2N in PBS
buffer was determined to be 1.8 uM, 1.6 pM, and 470 pM, respectively.
Additionally, the presence of negatively charged phosphate groups in
the plasma membrane facilitates electrostatic interactions with posi-
tively charged groups on the probes, significantly improving the
anchoring ability of the fluorophores[23].

Notably, the fluorescence of unbound probes in the surrounding
aqueous medium (background) was negligible for all three probes,
which allowed the imaging to be performed without washing away the
unbound probes. This is especially important for 3D and time-lapse
imaging, as it allows for a continuous exchange of the bleached probes
on the cell structures with fresh fluorophores from the surrounding
medium[24]. It also allows the labelling to be performed just prior im-
aging without exchanging the conditioned cell medium. In a noteworthy
demonstration of the exceptional labelling specificity of SHE-2N, live
cells were labelled with 1 pM of the probe and imaged intermittently for
an uninterrupted duration of three days, underscoring the probe’s robust
performance[25].

2.4. Improvement of resolution with STED nanoscopy

In order to assess whether the designed probes exhibit increased
resolution in STED microscopy, we compared the confocal and STED
images of labelled LA-4 epithelial cells (Fig. 3). All three probes
exhibited improved resolution in STED nanoscopy compared to the
confocal image, despite the lengthening of the aliphatic chains and
addition of a polar head group in the new probes.

2.5. Cytotoxicity

During live-cell imaging of SHE-2H, we observed unusual
morphology of labelled cells observed at a 50 pM this concentration,
which suggests that the probe is cytotoxic. At this concentration, long
needle-like aggregates of the probe were also observed under bright-
field illumination. The cytotoxicity assay on LA-4 cells confirmed the
cytotoxic effect of SHE-2H at 50 pM (Fig. 4). Interestingly, SHE-2N is
actually more cytotoxic than SHE-2H at the same probe concentration,
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Cytotoxicity
(% of dead cells)
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Fig. 4. In vitro cytotoxicity profile of compounds SHE-2H and SHE-2N. LA-4
cells were incubated in the presence of increasing concentrations of com-
pounds (0-100 pM) in complete medium. After 24 h, the cytotoxicity was
evaluated using SYTOTOX Blue dye and flow cytometry. Data indicates the
percentages of dead cells and are means + SD of two independent experiments,
each performed in duplicate.

but is in the end more suitable for live-cell imaging than SHE-2H, as it
requires significantly lower probe concentrations for sufficient labelling.

2.6. Two-photon excitation

We next tested the suitability of the probes for two-photon excitation
(2PE) microscopy, which is usually used for superior sectioning capa-
bilities due to focal-limited fluorescence excitation. Namely, as the
cross-section for 2PE absorption strongly depends on the molecular
structure of the probe, not all fluorescent probes exhibit noticeable
florescence in 2PE microscopy. Because the 2PE excitation is the
strongest at approximately double the wavelength (half the energy) of
the wavelength used in one-photon excitation (1PE) microscopy[26], we
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scanned the wavelength of 2PE excitation in the range between 800 nm
and 1200 nm, and observed the corresponding fluorescence of labelled
LA-4 cells. The 2PE excitation maximum of all three probes was at about
900 nm, and all probes exhibited strong fluorescence when excited with
37 mW average power in the sample plane. As is shown in the micro-
graphs on Fig. 5, the signal in 2PE microscopy originates from the same
structures as in 1PE microscopy, but with considerably decreased out-of-
focus signal. This is best seen in the left-most column, where out-of-focus
haze is present in the 1PE images (yellow arrows), but not in the cor-
responding 2PE images (white arrows). Also, the in-plane structures
appear more defined and clearer in 2PE images due to focal limited
excitation. To sum up, all three probes are suitable for 2PE microscopy,
and could thus be used for imaging deep into scattering samples, e.g.
biological tissues.

2.7. Photostability

Another crucial requirement for STED-compatible probes is high
photostability in order to withstand the bleaching induced by powerful
STED lasers. We estimated the photostability of the synthesized probes
by continuously measuring a small field-of-view of labelled LA-4 cells
for two minutes. As a benchmark for the comparison, commercially
available probes CellMask Orange and STED-compatible STAR RED
DPPE (a.k.a. KK114 DPPE) were measured as well. All probes were
measured using the same imaging parameters to allow for a valid
comparison. According to our measurements, all newly-synthesized
probes exhibit exceptionally high photostability (Fig. 6), comparable
to or even higher than STAR RED DPPE, and are therefore appropriate
for continuous super-resolution live imaging of dynamic structures using
STED microscopy. Of the tested probes, MePyr500 and SHE-2N are the
most photostable.

To better visualise the difference in photostability between SHE-2N
and the commercially available STAR RED DPPE, we filmed a STED 3D
stack of labelled LA-4 epithelial cells (Fig. 7). Due to its high photo-
stability, SHE-2N enabled longer and more detailed 3D scans than STAR
RED DPPE under the same imaging circumstances. Thus, SHE-2N excels
also in applications where tracking of objects with high spatial resolu-
tion is needed.
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2.8. Characterisation of SHE-2N in model membranes

Coumarin-based derivatives have been previously identified as
environment-sensitive fluorophores[27,28]. The probe SHE-2N has
several similarities to Di-4-ANEPPDHQ, a frequently used and STED-
able polarity-sensitive probe[29]. Both are essentially pull-push dyes
with electron-donating amine and electron-accepting pyridinium
moiety.

To explore spectrophotometric characteristics of SHE-2N within the
lipid environment, we analysed the spectral properties and the fluores-
cence lifetime of the probe in model membrane systems. For this pur-
pose, we prepared giant unilamellar vesicles (GUVs) composed of pure
POPC lipids (POPC 0% Chol) or of POPC in combination with cholesterol
(1:1 M ratio; POPC 50% Chol) (Fig. 8A).

The emission spectra of the probe showed a slight red-shift of the
average fluorescence peak maximum in the presence of cholesterol: the
spectral peaks were at 576 nm and 582 nm for POPC 0% Chol and POPC
50% Chol, respectively (Fig. 8B-C). When analysing the probe lifetime in
the lipid environment, we observed a shorter fluorescence lifetime of
SHE-2N in POPC 50% Chol compared to POPC 0% Chol (taul 2.3 ns and
2.8 ns, respectively) (Fig. 8D), consistent with the more red-shifted
spectra of a polarity-sensitive probe[30,31]. Interestingly, however,
the direction of shifts due to cholesterol content in POPCs was in the
opposite direction than normally observed with polarity-sensitive
probes[30,31]. Given that the spectrum in apolar membranes is blue-
shifted compared to the more polar ethanol (compare Figs. 8 and 2),
which corresponds to regular solvatochromicity, we hypothesise that
the unconventional shift in membranes may originate in different ver-
tical location of the dye in the membrane depending on the cholesterol
content, which could be attributed to the rigidity of the probe. While the
rigidity may preclude the use of this dye for polarity-probing applica-
tions, it ensures better brightness and excellent photostability[32,33],
testified above (Figs. 6 and 7).

3. Conclusions

In summary, we have successfully designed, synthesized, and char-
acterized two novel STED-able coumarin-based membrane probes,

Cy5 Cy3 Cys

Fig. 5. Comparison of confocal (1PE) and 2PE micrographs (excited at optimal wavelengths) for all three probes on living LA-4 cells: (A) MePyr500, (B) SHE-2H and
(C) SHE-2N. The imaged range, pixel sizes, 2PE wavelength and laser powers are the same in all images.
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Fig. 6. Photostability of newly synthesized probes, compared to commercially available probes CellMask Orange and STED-dedicated STAR RED DPPE. The fluo-
rescently labelled LA-4 cells were continuously imaged using either confocal (left) or STED microscopy (right) after washing the freely-floating probe from the sample
and replacing it with fresh medium. All measurements were performed on the same day using identical imaging parameters. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Comparison of STED-induced photobleaching during 3D scanning for STAR RED DPPE (left) and SHE-2N (right) in live LA-4 cells. The imaging parameters
were the same for both combinations of probes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

namely SHE-2H and SHE-2N. The straightforward synthesis procedures
we employed render these probes readily accessible, holding great
promise for widespread adoption in various research settings. Notably,
SHE-2N demonstrates swift cell labelling, coupled with minimal redis-
tribution to intracellular membranes. Furthermore, at the concentra-
tions used for labelling, SHE-2N did not exhibit any noticeable toxicity,
which was also confirmed by our cytotoxicity study. The excitation and
emission spectra of both probes are well matched with a 561 nm exci-
tation laser and 775 nm STED laser, making them compatible with many
current STED nanoscopes. Moreover, the probes are well-suited for two-
photon excitation microscopy. Their high photostability also enables the
use of higher laser powers and/or longer lasting experiments without
excessive photobleaching. Because the probe SHE-2N displays minimal
sensitivity to environmental changes — the emission spectrum and
fluorescence lifetime slightly changed in response to alterations in lipid
composition within GUVs — we firmly believe that SHE-2N is an excel-
lent probe for live-cell STED microscopy of PMs and great addition to the
current toolkit of fluorescent membrane probes.

4. Experimental section
4.1. Synthesis

Materials and methods. List of chemicals used during the synthesis
is provided in the Supplementary data. All reactions were performed
under argon atmosphere, unless otherwise stated. Analytical TLC was
performed on Merck silica gel (60 Fos4) plates (0.25 mm) and visualized
with ultraviolet light. 'H and '*C NMR spectra were recorded on a
Bruker AVANCE III 400 MHz NMR spectrometer, utilizing CDCl3 and

methanol-d4 as solvents, with chemical shifts referenced to TMS or the
residual solvent peaks. Mass spectra were obtained using a Thermo
Scientific Q Exactive Plus mass spectrometer. Fluorescence and ab-
sorption spectra were measured using a Perkin Elmer LS 55 fluorescence
spectrophotometer and a Varian Cary 50 UV-Vis spectrophotometer,
respectively.
7-Methoxy-2-methyl-2,4-dinonyl-1,2-dihydroquinoline (1). m-
Anisidine (3.0 g, 24.4 mmol, 1 equiv), InCl3 (300 mg, 1.36 mmol, 0.055
equiv) and 2-undecanone (15.1 mL, 17.1 mmol, 3 equiv) were stirred
under an inert atmosphere at 60 °C for 24 h. 2-Undecanone was removed
from reaction mixture by vacuum distillation. The crude product was
purified by flash chromatography (EtOAc:hexane, 1:30), to give the
desired product (62%) as light brown oil. TH NMR (400 MHz, CDCl3) §
6.98 (d, J = 8.4 Hz, 1H), 6.15 (dd, J = 8.4, 2.4 Hz, 1H), 5.99 (d, J = 2.5
Hz, 1H), 5.07 (s, 1H), 3.74 (s, 3H), 3.59 (bs, 1H), 2.38 — 2.24 (m, 2H),
1.62 — 1.10 (m, 33H), 0.92 — 0.83 (m, 6H). HRMS (ESI): m/z calcd for
CaoH5oNO [M + H]™ 428.3880; found 428.3887.
7-Methoxy-1,2-dimethyl-2,4-dinonyl-1,2-dihydroquinoline (2).
Compound 1 (6.4 g, 15 mmol, 1 equiv) was dissolved in DMF (35 mL).
K2CO3 (3.1 g, 22.5 mmol, 1.5 equiv) and Mel (1.4 mL, 22.5 mmol, 1.5
equiv) were added and the reaction mixture was stirred at 110 °C for 15
h. Then the reaction mixture was cooled to room temperature, a mixture
of methanol and 25% aqueous solution of ammonia (5 mL, 1:1 v/v) was
added and the reaction mixture was stirred at room temperature for 30
min. EtOAc (150 mL) was then added to the reaction mixture and the
solution was transferred to the separatory funnel. The solution was
washed with water (5 x 100 mL), brine (1 x 50 mL) and dried over
NaySO4. The solvent was evaporated under reduced pressure and the
crude product was purified by flash chromatography (EtOAc:hexane,
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Fig. 8. Spectral and lifetime analysis of SHE-2N in giant unilamellar vesicles (GUVs). A) Representative GUVs with two different lipid compositions labelled with
SHE-2N. B) Emission maximum of SHE-2N in GUVs containing POPC or POPC with 50% cholesterol. C) Fluoresce spectra of SHE-2N in GUVs with two different
compositions. Excitation wavelength was 488 nm. D) Fluorescence lifetime of SHE-2N in GUVs. Each datapoint in B and D correspond to the average value obtained
from a separate GUV. Statistical analysis was performed with the student t-test. ***p < 0.001, ****p < 0.0001.

1:50), to give the desired product (58%) as a light brown oil. 1H NMR
(400 MHz, CDCl3) 6 6.96 (d, J = 8.3 Hz, 1H), 6.12 (dd, J = 8.3, 2.4 Hz,
1H), 6.04 (d, J = 2.4 Hz, 1H), 4.97 (s, 1H), 3.78 (s, 3H), 2.71 (s, 3H),
2.41 - 2.19 (m, 2H), 1.87 - 1.73 (m, 1H), 1.58 — 1.47 (m, 2H), 1.45 —
1.05 (m, 30H), 0.93 — 0.82 (m, 6H). HRMS (ESI): m/z calced for
C30Hs52NO [M + H]" 442.4037; found 442.4043.
1,2-Dimethyl-2,4-dinonyl-1,2-dihydroquinolin-7-ol (3). Com-
pound 2 (1.57 g, 3.66 mmol, 1 equiv) was dissolved in dry DCM (50 mL)
and cooled to —80 °C. Solution of BBrz in DCM (10 mL, 10 mmol, 2.7
equiv) was added dropwise to the reaction mixture. The temperature of
the reaction mixture was allowed to reach room temperature and the
reaction mixture was stirred for further 4 h at room temperature. MeOH
(20 mL) was added dropwise to the reaction mixture, followed by 10%
aqueous solution of Nap,CO3 (30 mL). pH of the aqueous phase was
adjusted to 7, then the mixture was transferred to separatory funnel.
Organic phase was washed with water (3 x 50 mL), brine (1 x 30 mL)
and dried over NaySO4. The solvent was evaporated under reduced
pressure and the crude product was purified by flash chromatography
(EtOAc:hexane, 1:6), to give the desired product (46%) as a light brown
oil. 'H NMR (400 MHz, CDCls) 5 6.89 (d, J = 8.1 Hz, 1H), 6.02 (dd, J =
8.1, 2.4 Hz, 1H), 5.98 (d, J = 2.4 Hz, 1H), 4.95 (s, 1H), 4.82 (s, 1H), 2.69
(s, 3H), 2.39 — 2.24 (m, 2H), 1.85 - 1.74 (m, 1H), 1.59 - 1.48 (m, 2H),
1.44-1.02 (m, 30H), 0.95 — 0.80 (m, 6H). '3C NMR (101 MHz, CDCl3) 6
156.36, 147.80, 132.66, 125.06, 124.04, 115.33, 101.55, 97.52, 59.71,
41.65, 32.23, 32.07, 32.05, 30.60, 30.16, 29.82, 29.77, 29.71, 29.51,
29.47, 28.53, 27.32, 24.94, 22.83, 14.25. HRMS (ESI): m/z calcd for
CaoHsoNO [M + H]" 428.3887; found 428.3882.
7-Hydroxy-1,2-dimethyl-2,4-dinonyl-1,2-dihydroquinoline-6-

carbaldehyde (4). POCl3 (1.53 mL, 16.4 mmol, 10 equiv) was added
dropwise to DMF (7 mL) cooled on an ice bath and the solution was
stirred at room temperature for 30 min. Phenol 3 (700 mg, 1.64 mmol, 1
equiv) dissolved in DMF (7 mL) was then added dropwise, and the
mixture was stirred for 1.5 h at 75 °C. The reaction mixture was diluted
with EtOAc (100 mL), and 5% NayCO3 (10 mL) was added. pH of the
aqueous phase was adjusted to 7 with 5% NayCOg3, and the mixture was
then transferred to separatory funnel. The organic phase was washed
with water (5 x 30 mL), brine (1 x 30 mL) and dried over NaySOg4. The
solvent was evaporated under reduced pressure and the crude product
was purified by flash chromatography (EtOAc:hexane, 1:9), to give the
desired product (24%) as a light brown oil. 'H{ NMR (400 MHz, CDCl3) 6
11.85 (s, 1H), 9.46 (s, 1H), 7.02 (s, 1H), 5.92 (s, 1H), 5.03 (s, 1H), 2.82
(s, 3H), 2.41 - 2.23 (m, 2H), 1.89 — 1.75 (m, 1H), 1.55 - 1.50 (m, 2H),
1.46 —1.15 (m, 29H), 1.12-1.00 (m, 1H), 0.93 — 0.82 (m, 6H). *C NMR
(101 MHz, CDCl3) § 191.70, 164.74, 153.14, 131.34, 127.13, 125.04,
114.47,110.54, 95.44, 61.08, 41.82, 31.88, 31.83, 31.65, 31.34, 29.65,
29.62, 29.55, 29.53, 29.50, 29.31, 29.25, 28.93, 27.95, 24.49, 22.65,
22.63, 14.09, 14.07. HRMS (ESI): m/z caled for C3oHsoNOs [M + H]*
456.3836; found 456.3827.
8,9-Dimethyl-6,8-dinonyl-3-(pyridin-4-y1)-8,9-dihydro-2H-pyr-

ano [3,2-g] quinolin-2-one (5). Salicylaldehyde 4 (151 mg, 0.55 mmol,
1 equiv), ethyl 2-(pyridin-4-yl)acetate (126 pL, 0.83 mmol, 1.5 equiv),
and morpholine (47 pL, 0.55 mmol, 1 equiv) were dissolved in anhy-
drous ethanol (20 mL). The reaction mixture was then refluxed for 15 h.
After completion, the mixture was then cooled to room temperature,
diluted with EtOAc (100 mL), and washed with 5% aqueous solution of
citric acid (4 x 30 mL), water (4 x 30 mL), brine (1 x 30 mL) and dried
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over NaySO4. The solvent was evaporated under reduced pressure and
the crude product was purified by flash chromatography (EtOAc:hexane,
1:1), to give the desired product (72%) as an orange solid. 'H NMR (400
MHz, CDCl3) § 8.74 — 8.52 (m, 2H), 7.86 (s, 1H), 7.80 — 7.66 (m, 2H),
7.11 (s, 1H), 6.33 (s, 1H), 5.17 (s, 1H), 2.84 (s, 3H), 2.47 — 2.28 (m, 2H),
1.93 - 1.79 (m, 1H), 1.64 — 1.50 (m, 2H), 1.49 — 1.18 (m, 29H), 1.16 -
1.05 (m, 1H), 0.96 — 0.78 (m, 6H). 1*C NMR (101 MHz, CDCl3) 5 160.88,
156.88, 150.76, 149.42, 144.02, 142.33, 131.44, 128.01, 122.45,
122.03, 119.31, 116.56, 108.58, 95.67, 61.18, 42.05, 32.04, 31.99,
31.47, 29.83, 29.79, 29.68, 29.48, 29.40, 29.00, 28.14, 24.78, 22.82,
14.23. HRMS (ESI): m/z caled for C37Hs3N2O0s [M + H]T 557.4102;
found 557.4103.
3-(4-(8,9-Dimethyl-6,8-dinonyl-2-0x0-8,9-dihydro-2H-pyrano
[3,2-g] quinolin-3-yl)pyridin-1-ium-1-yl)propane-1-sulfonate
(SHE-2H). Compound 5 (124 mg, 0.22 mmol, 1 equiv) was dissolved in
acetone (30 mL). 1,3-Propanesultone (70 mg, 0.54 mmol, 2.6 equiv) was
added to this solution, and the reaction mixture was stirred at room
temperature for 2 days. After completion, confirmed by TLC, solvent was
removed under reduced pressure and the residue was triturated with
diethyl ether (2 x 20 mL) and hexane (4 x 20 mL). Crude product was
purified by flash chromatography (DCM:MeOH, 9:1 to 5:1, ammonia gas
was bubbled through mobile phase prior its use), to give the desired
product (75%) as a red solid. 'H NMR (400 MHz, MeOD) § 8.83 — 8.78
(m, 2H), 8.65 (s, 1H), 8.61 — 8.56 (m, 2H), 7.35 (s, 1H), 6.40 (s, 1H), 5.34
(s, 1H), 4.73 (t, J = 7.2 Hz, 2H), 2.96 (s, 3H), 2.89 (t, J = 6.9 Hz, 2H),
2.56 — 2.32 (m, 4H), 2.03 - 1.92 (m, 1H), 1.66 — 1.54 (m, 2H), 1.48 -
1.19 (m, 29H), 1.16 - 1.06 (m, 1H), 0.93 - 0.81 (m, 6H). '3C NMR (101
MHz, MeOD) 5 161.48, 159.67, 154.51, 153.69, 147.67, 144.66, 132.37,
129.98, 125.03, 124.77, 121.18, 110.84, 110.42, 96.13, 63.32, 59.85,
48.25, 42.58, 33.11, 33.05, 32.78, 32.45, 30.84, 30.74, 30.72, 30.60,
30.49, 30.40, 29.32, 29.20, 28.12, 25.86, 23.75, 23.72, 14.46. HRMS
(ESD): m/z caled for C49Hs59N205S [M + H] ™ 679.4139; found 679.4134.
1-(3-Bromopropyl)-4-(8,9-dimethyl-6,8-dinonyl-2-0x0-8,9-
dihydro-2H-pyrano [3,2-g] quinolin-3-yl)pyridin-1-ium  bromide
(6). Compound 5 (145 mg, 0.26 mmol, 1 equiv) was dissolved in 1,3-
dibromopropane (132 pL, 1.3 mmol, 5 equiv) and the reaction mixture
was stirred at 60 °C for 4 h. After completion, the crude product was
purified by flash chromatography (DCM:MeOH, from 20:1 to 10:1), to
give the desired product (73%) as red viscous oil. ' NMR (400 MHz,
CDCl3) 6 9.23 - 9.18 (m, 2H), 8.74 - 8.69 (m, 2H), 8.65 (s, 1H), 7.38 (s,
1H), 6.31 (s, 1H), 5.22 (s, 1H), 5.01 (t, J = 7.0 Hz, 2H), 3.54 (, J = 6.1
Hz, 2H), 2.92 (s, 3H), 2.77 — 2.65 (m, 2H), 1.95 - 1.82 (m, 1H), 1.64 —
1.51 (m, 2H), 1.44 - 1.14 (m, 29H), 1.12 - 1.00 (m, 1H), 0.92 - 0.80 (m,
6H). 13C NMR (101 MHz, CDCl3) 6 160.00, 158.56, 153.24, 152.50,
146.37, 143.61, 131.42, 128.11, 124.21, 123.88, 120.27, 109.38,
109.16, 95.27, 62.13, 58.57, 41.95, 33.84, 31.99, 31.97, 31.92, 31.77,
29.75, 29.69, 29.63, 29.60, 29.44, 29.34, 29.22, 29.09, 27.91, 24.66,
22.77, 22.74, 14.21, 14.18. HRMS (ESI): m/z calcd for C4oHsgN2O2Br
[M]" 677.3676; found 677.3671.
4-(8,9-Dimethyl-6,8-dinonyl-2-0x0-8,9-dihydro-2H-pyrano [3,2-
gl quinolin-3-yl1)-1-(3-(trimethylammonio)propyl)pyridin-1-ium
dibromide (SHE-2N). Bromide 6 (130 mg, 0.19 mmol, 1 equiv) was
dissolved in 4.2 M trimethylamine solution in ethanol (5 mL) and stirred
at room temperature for 24 h. Following this, solvents were removed
under reduced pressure and the residue was triturated with diethyl ether
(2 x 20 mL) and hexane (4 x 20 mL). The crude product was purified by
flash chromatography (DCM:MeOH:H50, 24:8:1, ammonia gas was
bubbled through mobile phase prior its use), to give the desired product
(89%) as a red solid. 'H NMR (400 MHz, MeOD) 6 9.03 — 8.94 (m, 2H),
8.71 (s, 1H), 8.66 — 8.58 (m, 2H), 7.34 (s, 1H), 6.33 (s, 1H), 5.29 (s, 1H),
4.73 (t, J = 7.3 Hz, 2H), 3.75 - 3.63 (m, 2H), 3.28 (s, 9H), 2.95 (s, 3H),
2.73 - 2.61 (m, 2H), 2.49 — 2.27 (m, 1H), 2.35 — 2.22 (m, 1H), 2.02 —
1.99 (m, 1H), 1.64 — 1.50 (m, 2H), 1.44 (s, 3H), 1.41 - 1.15 (m, 26H),
1.14-1.01 (m, 1H), 0.92 - 0.79 (m, 6H). 13C NMR (101 MHz, MeOD) §
161.26, 159.53, 154.40, 153.61, 147.77, 144.69, 132.31, 129.75,
125.00, 124.89, 121.09, 110.45, 110.41, 96.11, 63.83, 63.29, 57.84,
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54.03, 42.60, 33.09, 33.03, 32.71, 32.63, 30.86, 30.78, 30.75, 30.71,
30.63, 30.62, 30.50, 30.41, 29.45, 29.13, 26.19, 25.84, 23.74, 23.71,
14.55, 14.54. HRMS (ESD): m/z caled for C43HeyN305 [M12 328.7611;
found 328.7610.

4.2. Cytotoxicity assay

The toxic profile of compounds was determined with high-affinity
nucleic acid fluorescence dye SYTOTOX Blue assessed by flow cytom-
etry. LA-4 cells were seeded in 12-well culture plates (5 x 104/well) and
next day treated with increasing concentrations of compounds SHE-2H
and SHE-2N. After 24 h treatment, cells were harvested and washed in
cold phosphate-buffered saline (PBS), and labelled with SYTOTOX Blue
dye (1 uM; Thermo Fisher Scientific) for 15 min at room temperature.
Cells were then analysed for cytotoxicity by flow cytometry on Attune
NxT flow cytometer (Thermo Fisher Scientific). The percentage of dead
cells was evaluated using FlowJo software (FlowJo, LLC, Ashland, OR,
USA).

4.3. Imaging

4.3.1. Preparation of giant unilamellar vesicle (GUVs)

GUVs were prepared using electroformation method as previously
described.[34] Briefly, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) without or with cholesterol (50 mol%) was diluted in
chloroform at the concentration of 1 mg/mL. 5 pL of each solution were
applied and dried out onto two parallel platinum wires mounted on a
cap of custom-built GUV Teflon chamber to obtain lipid film. The GUVs
were formed in 300 mM sucrose solution at room temperature by
applying an alternating electric current of 10 Hz and 2 V to the wires for
an hour followed by the decrease of the frequency to 2 Hz for 30 min.
100 uL of GUV suspensions were then labelled with SHE-2N in the final
concentration of 20 uM. Labelled samples were diluted in 250 uL PBS
and imaged in BSA-pre-coated 8-well plastic-bottom Ibidi chambers
(#1.5).

4.3.2. Confocal spectral imaging

Equatorial planes of the GUVs stained with SHE-2N were imaged
with a 40 x water immersion objective (NA = 1.1) on Zeiss LSM 780
confocal microscope equipped with a 32-channel GaAsP detector array
as described before.[35] Laser light at 488 nm was selected for fluo-
rescence excitation of SHE-2N. Fluorescence spectra were acquired be-
tween 495 and 691 nm in 8.9-nm intervals. The spectral series of images
were saved in the.lsm format and then analysed using Fiji/ImageJ and a
custom spectral fitting software written in Mathematica.[36].

4.3.3. Fluorescence life-time imaging

FLIM measurements were performed with a Leica TCS SP8 (Leica
Microsystems) inverted confocal microscope with an 86 x water im-
mersion objective (NA = 1.2). The microscope was equipped with a
time-correlated single-photon-counting module from PicoQuant. For
excitation, the 488-nm line was selected from the pulsed white-light
laser. The emitted photons were collected within the 575-625 nm
spectral window using the internal hybrid detector in the photon-
counting mode. At least 100 counts per pixel were collected in all
cases. The fluorescence decay histograms from the selected regions with
the membrane signal were fitted with a bi-exponential model using
SymPhoTime 64 software (PicoQuant). The fitted fluorescence lifetime
values of the slow component (taul) were expressed as means =+ stan-
dard deviation in ns.

4.3.4. Preparation of cells and probes for imaging

We tested the labelling efficiency, STED-ability and label distribution
in the murine epithelial lung cell line LA-4 (ATCC CCL-196). The cells
were cultured in accordance with ATCC guidelines: they were grown in
full cell medium, consisting of Ham’s F-12 K medium (ATCQC),
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complemented with 15% FCS (ATCC), 1% P/S (Sigma), and 1% NEAA
(Gibco) and kept in a humid atmosphere in an incubator at 37 °C and 5
% CO4 levels. A few days prior to imaging, they were seeded into 8-well
pp-slides (Ibidi) with a 1.5H glass bottom and further grown in cell
medium as before.

The probes were diluted from a 10 mM stock in DMSO to a 10 pM
concentration in Live Cell Imaging Solution (LCIS, Molecular probes)
just prior to labelling the cells in order to minimize probe aggregation.
After cell medium was removed from the cells, they were incubated with
200 pL of diluted probe per well and imaged after the cells have been
appropriately stained. Except where noted otherwise, the cells remained
incubated with the probe during imaging. During the incubation, cells
were constantly being monitored both in terms of the fluorescence signal
from the membrane, as well as for possible morphology changes, indi-
cating cytotoxicity of the tested probes. The final concentration of
probes used for the photo-physical characterisation on cells was 10 pM
for SHE-2N and MePyr500, 50 uM for SHE-2H, 2 pg/mL for CellMask
Orange, and 1 pM for STAR RED DPPE.

4.3.5. Confocal, stimulated emission depletion (STED) and two-photon
excitation (2PE) imaging

Imaging of the samples was performed on an Olympus IX83 micro-
scope with a 60 x water-immersion objective (NA 1.2), custom-
upgraded by Abberior Instruments with 561 nm and 640 nm excita-
tion lasers (120 ps pulse length, 50 pW mean power), a 775 nm STED
laser (1.2 ns pulse length, 170 mW mean power), and two avalanche
photodiodes for fluorescence detection in ranges 580-625 nm and
655-720 nm, as defined by pre-filters and a dichroic. All imaging was
performed at 80 MHz frequency and with a 1.1 A.U. pinhole, except
where noted otherwise.

For the comparison of the resolution between confocal and STED
microscopy, a field of view of 15 pm x 15 pm was imaged with a 30 nm
pixel size. The dwell time was 10 ps for confocal and 30 ps for STED
microscopy, and the pinhole size was 0.6 AU. Other parameters (gating,
laser powers) were tuned for each probe separately to achieve the best
possible resolution.

For comparison of 2PE and confocal imaging, a high-power
Chameleon Discovery laser was also used for imaging, using 900 nm
wavelength, 37 mW power in the sample plane, and pulse lengths of 100
fs. An 80 pm x 80 pm field of view, 10 ps dwell-time, and 100 nm pixel
size were chosen for imaging.

The photostability of probes was determined by measuring 3 x 30
consecutive images with a 10 pm x 10 pm field of view, 50 nm large
pixels and a 10 ps dwell-time per pixel. The sample was excited with 13
HW laser power and, in the case of 2D STED-induced bleaching, depleted
using an 80 mW STED laser.

For the comparison of STED-induced photobleaching of STAR RED
DPPE and SHE-2N, cells were labelled either with 10 pM SHE-2N or 1
pM STAR RED DPPE in LCIS. Cell remained in this medium throughout
the imaging. For the measurement, the sample was excited using 10 pW
561 nm and 640 nm excitation lasers and depleted using a 35 mW 775
nm STED laser. The dwell time for each pixel was 20 ps. The 3D mea-
surements (xyz) consisted of a 5 pm x 5 pm x 5 pm cube with 100 x 100
x 50 pixels.

The data was acquired using Imspector 16.3.10630 software. The
laser powers in the sample plane were determined by measuring the
power at the objective back focal plane, passing the light through a
manual shutter closed to the size of the objective back aperture and then
focusing to a Thorlabs Power Meter S120C.
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